Epithelial cells of the mammalian oviduct play an important role in reproductive and developmental events that occur there. Oviductal epithelial cells from several mammalian species can be isolated and cultured in serum or serum-free medium in vitro and cell culture of bovine oviductal epithelial cells (BOEC) has been described by many investigators. Cultured BOEC show a wide variety of secretory activities and these secretory factors may influence early embryonic development or sperm function. Monolayer cultures of BOEC have been widely used for in vitro co-culture of bovine preimplantation embryos. The use of BOEC co-culture systems has improved embryonic development in nearly all the studies conducted. In addition, interaction of bovine spermatozoa with BOEC, in a similar manner to that observed for spermatozoa in vivo, induced specific changes in sperm capacitation and consequently improved the fertilizing capacity of bovine spermatozoa in vitro. Thus co-culture systems with BOEC may not only offer an excellent model for studying the mechanisms of capacitation and acrosome reaction of bovine spermatozoa but also provide a useful tool for the improvement of embryo development in vitro.
Introduction
The oviduct (uterine tube and Fallopian tube) of mammals is a highly specialized structure and it assumes one of the most fundamental roles in the reproductive process. The mammalian oviduct functions as more than a simple conduit for the transport of ovulated ova, spermatozoa or developing embryos between ovary and uterus. The functional oviduct is an active organ that maintains and modulates a dynamic fluid-filled milieu. Tubal (oviductal) fluid provides a suitable environment for sperm capacitation, fertilization and early embryonic development.
The epithelium of the oviduct consists of ciliated and secretory cells. The ciliated cells play an important role in the transport of oocytes and embryos (Odor and Blandau, 1973) and possibly in the regulation of sperm progression (Hunter et al., 1991) , while the secretory cells produce and release specific secretory materials (Oliphant, 1986) . Together with a selective transudate of serum (Leese, 1988) , these secretions form the oviductal fluid. Some of these secretory products associate with the gametes and/or the embryo and may play important roles in embryonic development and sperm function (Hunter, 1994; Malette et al., 1995; Gandolfi, 1995) . It has been reported in some mammals, that in vitro development of embryos is improved by co-culture with oviductal cells or with the conditioned medium of these cells (Thibodeaux and Godke, 1992) . Therefore, it seems likely that oviductal epithelial cells are deeply involved in the reproductive and developmental events that occur in the oviduct.
Oviductal epithelial cells of several mammalian species have been isolated and cultured in vitro (Boullant and Greig, 1973; Ouhibi et al., 1989; Bongso et al., 1989; Takeuchi et al., 1991) . These cells have been popularly used as culture support for embryonic development either in co-culture systems or for conditioning of embryo culture media (for review, see Thibodeaux and Godke, 1992) . Co-culture systems using oviductal epithelial cell monolayers have been shown to alleviate developmental blocks in the embryo and increase the rate of blastocyst formation during extended culture periods in vitro (for reviews, see Rexroad, 1989; Bongso et al., 1990; Thibodeaux and Godke, 1992) .
In the bovine species, oviductal epithelial cell cultures have been reported by several invesitgators (Witkowska, 1976; Joshi, 1988; Hishinuma et al., 1989; Hoshi et al., 1992) . BOEC co-culture enhanced bovine embryos developmental rates and/or pregnancy rates (Eyestone and First, 1989; Ellington et al., 1990a) . Recent studies demonstrated that cultured BOEC might also affect sperm functions, such as motility, capacitation and fertilization (Pollard et al., 1991; Ellington et al., 1991; . The co-culture system with BOEC could be a useful tool to investigate the mechanisms of reproductive events that occur in the oviduct. The following review focuses on the procedures for cell culture methodology of BOEC and discusses the application of these cells in studies for reproductive biology.
Isolation and cell culture of BOEC
BOEC cultures were first described by Witkowska (1976) . Subsequently, isolation and culture of BOEC have been reported by other investigators (Gandolfi and Moor, 1987; Joshi, 1988; Eyestone and First, 1989; Hishinuma et al., 1989; Hoshi et al., 1992; Walter, 1995) . The culture procedures for BOEC vary from laboratory to laboratory (Table 1) . This review presents a general procedure for isolation and culture of BOEC previously published by Hoshi et al. (1992) and a review of other recent advances in cell culture of BOEC.
Bovine oviducts were obtained from slaughtered cows that were judged to be in the non-luteal stage of the estrous cycle based on the absence of a corpus luteum and presence of a dominant follicle. The oviducts were dissected from the uterus and were transported to the laboratory at 30-35 C. All procedures took place within 2 h of harvesting the tissue from the cows. The oviducts from ampulla to ampullar-isthmic junction (AIJ) were saved for the study. They were freed from the associated mesentery, major blood vessels and fat and washed in Ca 2+ , Mg 2+ -free phosphate buffered saline (PBS) to remove the blood cells and tubal fluid and then rapidly rinsed in 70% ethanol for disinfection.
Two main procedures have been employed for the isolation of BOEC (Table 1) . Cell isolation has been done by enzymatic methods using trypsin (Thibodeaux and Godke, 1992; Walter, 1995) , collagenase (Gandolfi and Moor, 1987; Joshi, 1988) or trypsin plus other enzymes (Eyestone and First, 1989; Hishinuma et al., 1989) . The other isolation method consists of mechanical scraping of the oviductal epithelium with a glass slide or scalpel (Witkowska, 1976; Eyestone and First, 1989; Eyestone et al., 1991; Voelkel and Hu, 1992; Xu et al., 1992; van Langendonckt et al., 1995) or squeezing of the oviduct with forceps (Walter, 1995) .
In our technique, the lumen of the oviducts were treated with 0.1% collagenase in PBS at 37 C in a humidified atmosphere of 95% air/5% CO 2 for 60 min. At the end of the incubation, the oviducts were flushed with PBS. The flushed cell aggregates were centrifuged twice at 2,000 rpm for 5 min. The single cells and cell aggregates were suspended in a growth medium of Dulbecco's modified Eagle's medium and Ham's F12 (DMEM:F12=1:1 mixture) and 10% fetal calf serum (FCS). The cells were incubated at 37 C in a humidified atmosphere of 95% air/5% CO 2 and the growth medium was changed every 3 days until the cultures became confluent.
The isolated cells were highly viabile and initially contained both ciliated and secretory cells. These cells in primary culture showed a typical epithelial morphology with highly packed polygonal cells. Ciliated cells were recognized by an active movement of cilia for the first several days of primary culture, but these cells disappeared in the secondary culture. Similar findings have been observed by several other investigators (Joshi, 1988 (Joshi, , 1995 Hishinuma et al., 1989; van Langendonckt et al., 1995; Walter, 1995) .
Subsequent subcultures of BOEC exhibited typical epithelial morphology similar to those of the primary cultures (Figure 1a ). Cultured BOEC were characterized by immunocytological staining for intermediate filament proteins. Most of the cells strongly cross-reacted with anti-cytokeratin antibody, indicating the cells to be of epithelial origin (Figure 1b ). This result is consistent with the other reports (Joshi, 1988; Ouhibi et al., 1989; van Langendonckt et al., 1995; Walter, 1995) . A large number of BOEC were also positive for vimentin, but were negative for desmin. This result suggests that most of cultured BOEC coexpressed both cytokeratin and vimentin proteins. Such co-expression has also been observed in serial cultures of human oviductal epithelial cells (Henriksen et al., 1990) .
Previous studies have shown BOEC require serum for optimum cell attachment and proliferation (Ouhibi et al. (1995) reported that BOEC could proliferate in serum-free medium for as long as one week. The typical histoarchitecture of BOEC monolayers could be preserved for up to 7 days and metabolic activity was apparent for at least 6 days. These observations suggest that BOEC could be maintained in a functional state in serum-free culture for up to 7 days, although electron microscopy showed some degenerative signs, such as the less of secretory organelles (Golgi apparatus and rough endoplasmic reticulum) and accumulation of intermediate filaments, in the absence of FCS. Few studies have reported on the growth requirements of oviductal epithelial cell cultures with regard to hormones and growth factors (Ouhibi et al., 1989; Takeuchi et al., 1991) , but the growth regulatory effects of some growth factors on BOEC proliferation were examined in detail by Hoshi et al. (1992) . Epidermal growth factor (EGF) stimulated the proliferation of BOEC in a dose-dependent manner when cultured of FCS, EGF, and TGF-1 on the cell proliferation of BOEC are shown in Figure 3 . EGF stimulated a 42% increase in cell number in the FCS-containing medi-um, while TGF-1 showed severe growth inhibition of BOEC stimulated by EGF, FCS or their combinations. Bovine insulin, bovine transferrin, estradiol-17(E 2 ), progesterone (P), human follicle stimulating hormone (FSH), human leuteinizing hormone (LH) and bovine serum albumin (BSA) did not show any proliferative or inhibitory effects on BOEC in this culture system and EGF or TGF-1 by itself had no significant effect on BOEC proliferation in nutrient medium alone (DMEM/F12).
Previous studies by Witkowska (1979a, b) demonstrated that E 2 , P, testosterone (T) and LH modulated enzyme activities of BOEC in vitro. E 2 and T increased the activity of 5 3-hydroxysteroid dehydrogenase, an enzyme which participates in the biosynthesis of steroids in cultured BOEC and also caused an increase in lipid content (Witkowska, 1979a) . BOEC also responded to P and LH with decreased activity of this enzyme and accumulation of lipids into the cells. Application of E 2 , P and LH to the medium caused increases of the activity of alkaline phosphatase and the amount of glycogen in cultured BOEC (Witkowska, 1979b) .
3 H-thymidine incorporation in cultured BOEC can be regulated by ovarian steroid hormones and growth factors. Kamwanja and Hansen (1993) reported that E 2 increased 3 H-thymidine incorporation into BOEC in vitro while P inhibited DNA synthesis and was antagonistic to the stimulatory effects of E 2 . Moreover, it was demonstrated that EGF, insulin-like growth factor-I (IGF-I) and insulin-like growth factor-II (IGF-II) also stimulated 3 H-thymidine incorporation in cultured BOEC (Tiemann and Hansen, 1995) .
The cell attachment efficiency of oviductal epithelial cells is generally very low because of the presence of ciliary activity in the aggregated cells introduced into the cultures. The plating efficiency of human oviductal epithelial cells is as low as 10 to 20% of the isolated cells in the absence of extracellular matrix proteins (Henriksen et al., 1990) . Extracellular matrix (ECM) proteins might be important to optimize the cell attachment and spreading and also the subsequent growth of BOEC. The effect of various ECM proteins, such as collagens (Type I, II, IV, V), vitronectin and laminin on BOEC proliferation in a low serum medium have been examined. The attachment efficiencies were high (70 to 80%) at 24 h after cell seeding on all substrates. However, cell proliferation on Type I and II collagen substrates were superior to those on other types of collagens (Type IV and V), vitronectin, fibronectin and laminin (Figure 4) . Joshi (1988 Joshi ( , 1991 report- ed that isolated BOEC seeded on plastic precoated with a matrigel containing various types of ECM proteins could fully differentiate. These cells became well polarized and their cell architecture closely resembled intact epithelial cells. BOEC growing on this substratum formed a tubal structure with a distinct lumen and microvilli were arranged at the apical plasmalemma of the epithelial cells. The differentiation of secretory cells cultured on uncoated plastic dished was incomplete, based on the fact that these cells possessed very few secretory vesicles in the apical cytoplasm as compared to cells in vivo (Joshi, 1988) . In the intact epithelium, secretory cells possess a well-developed Golgi apparatus and a large number of secretory granules (Abe et al., 1993b; Eriksen et al., 1994) . Non-ciliated cells cultured on matrigel-coated dishes showed the presence of abundant rough endoplasmic reticulum, well-developed Golgi apparatus and numerous secretory vesicles. Moreover, BOEC cultured on matrigel respond to E 2 and P showing an incremental uptake of 35 S-methionine and E 2 induced de novo synthesis of a 60 kDa protein.
Application of BOEC cultures

Co-culture of embryos with BOEC
Embryos of domestic farm animal species often become arrested in development during in vitro culture. In bovine, development of early embryos is generally arrested at the 8-to 16-cell stage (Wright and Bondioli, 1981) . Successful culture of bovine embryos through this developmental block has required the use of intermediate hosts, such as the ligated rabbit oviduct (Boland, 1984) or sheep oviduct (Sirard et al., 1988) . The developmental arrest of embryos observed in vitro is thought to be a result of inadequate culture systems. Improved culture systems for preimplantation embryos are imperative for enhancing viability of embryos and increasing pregnancy rates. Some investigators have used various somatic cells to try and overcome these developmental blocks (for reviews, see Rexroad, 1989; Bongso et al., 1990; Thibodeaux and Godke, 1992) . Co-culture systems have been used with farm animal embryos to increase the rate of blastocyst formation during extended culture in vitro. Enhancement of embryonic development has been observed on fibroblastic feeder layers (Kuzan and Wright, 1982; Voelkel et al., 1985) and in co-culture with trophoblastic tissue (Heyman et al., 1987) . Recently, Vero cell co-culture system was shown to increase the rate of mouse embryo viability (Lai et al., 1992) . The most appropriate choice of somatic cells for co-culturing would seem to be oviductal cells, since embryos in the early stages of development are located in the oviduct in vivo and in vitro oviductal cells were shown to give better support to the development of one-cell mouse embryos than uterine cells (Sakkas and Trounson, 1990) .
Monolayer cultures of BOEC have been used profitably for in vitro development of bovine embryos (Eyestone and First, 1989; Ellington et al., 1990b Ellington et al., , 1991 . Eyestone and First (1989) reported that developmental rates of bovine embryos in co-culture with BOEC and in a BOEC conditioned medium were higher than that in medium alone. Furthermore, embryos transferred to recipient animals following co-culture or incubation in conditioned medium resulted in a higher pregnancy rate. Ellington et al. (1990b) compared in vitro-derived bovine embryos co-cultured with BOEC in a simple medium (CZB) for 5 days with that of in vivo-derived embryos (40 to 48 h post coitum). The developmental rate and number of nuclei per embryo did not differ between in vivo-derived embryos and in vitroderived embryos, suggesting that BOEC co-culture systems in a simple medium can sustain normal development of bovine embryos. Their subsequent study showed that fresh BOEC monolayers in a chemically defined medium (glucose-and serum-free CZB medium) can provide a significant benefit as assayed by a high yield of early bovine embryos (Ellington et al., 1990a) . In addition, they compared the developmental capacity of bovine 1-2-cell embryos in BOEC co-culture in a glucose-and serum-free CZB medium with those surgically transferred to ligated oviducts of rabbit (Ellington et al., 1990c) . The in vitro co-culture system was equivalent to the rabbit oviducts in promoting embryo development for all characteristics of embryo quality. The pregnancy rate for embryos cocultured with BOEC was 57% compared with 58% for similar embryos transferred to rabbit oviducts. These results strongly suggest that bovine zygotes in culture with BOEC in a simple medium can develop into high quality transferrable embryos which can attain normal pregnancy rates. Other studies have also reported that BOEC co-cultures promote the developmental rates or improved the quality of in vitro matured and fertilized (IVM/IVF) bovine embryos (Fukui, 1989; Kitiyanant et al., 1989; Aoyagi et al., 1990; Shamsuddin et al., 1993; Rorie et al., 1994) and IVM/IVF-derived reconstructed (chimeric) bovine embryos (Kinis et al., 1990) . BOEC monolayers can also support the in vitro development of early stage embryos of other animal species (Ouhibi et al., 1990; Wiemer et al., 1993) .
The beneficial effects of co-culture of embryos with oviductal epithelial cells have not yet been fully elucidated. However, oviductal epithelial cells probably support preimplantation embryo development by more than one mechanism. The conditioned medium of oviductal cells has been shown to be as effective as cell co-culture in supporting the development of embryos (Rexroad and Powell, 1988; Eyestone and First, 1989; Eyestone et al., 1991; Mermillod et al., 1993) . McCaffrey et al. (1991) reported that physical separation by a microporous membrane inserted between BOEC monolayers and embryos did not inhibit increased developmental rates to morulae or blastocysts from 1-4 cell stage bovine embryos, suggesting that direct physical contact between embryos and oviductal cells may not be required to ensure a high rate of embryonic development. These findings provided a basis for the hypothesis that cultured BOEC produce and secrete certain soluble factors which support embryonic development (Gandolfi et al., 1989; Nancarrow and Hill, 1994) . Little is known about the specific products of BOEC that are responsible for the embryonic development in most species studied. However, it has been suggested that oviductal epithelial cells secrete embryotrophic factors such as oviductspecific glycoproteins. It has been demonstrated in sheep oviduct-specific glycoprotein influences in vitro development of embryos by increasing the proportion of blastocyst formation from cleaved embryos, the mean nuclei numbers of blastocysts and the time taken for blastocyst formation (Nancarrow and Hill, 1994) . A recent study by Satoh et al. (1994) suggested the existence of embryogenesis-stimulating activities in BOEC conditioned medium.
Another possibility, in addition to the secretion of embryotrophic substances, is that the oviductal cells are capable of removing or reducing toxic components of culture medium that are detrimental to the embryo development (for review, see Bavister, 1988) . It is commonly assumed that feeder layers can remove toxins (especially heavy metal ions) from the culture medium (Abramczuk et al., 1977) . In addition to secreting embryotrophic substances and/or removing embryotoxic substances from the medium, it is possible that oviductal epithelial cells may regulate oxygen tension in the immediate vicinity of embryo. Nagao et al. (1994) examined the interaction of oxygen concentration and the presence of BOEC on the development of bovine embryos in vitro matured and fertilized (IVM/IVF) oocytes in a protein-free medium. When embryos were cultured in the presence or absence of BOEC under 5% CO 2 in air (20% O 2 ) or 5% CO 2 /5% O 2 /90% N 2 (5% O 2 ), the efficiency of blastocyst formation without BOEC at 5% O 2 was almost same as that with BOEC at 20% O 2 (30 vs 33%), but blastocyst formation at 5% O 2 with BOEC was significantly suppressed (4%). These results suggest that bovine IVM/IVF embyos can efficiently develop to the blastocyst stage in a protein-free medium without BOEC at low oxygen concentration (5%) and that the beneficial role of BOEC for embryonic development may be due to reducing oxygen concentration in the culture environment.
Co-culture of spermatozoa with BOEC
Mammalian oviducts can be divided into several parts on the basis of physiological function. Biological events vary among the regions of the oviduct and oviductal epithelial cells show regional variations in cytological and functional aspects (for review, see Abe, 1996) .
The oviduct provides various types of physiological support to spermatozoa. Results from co-culture experiments and from isolated oviduct cells strongly suggest that interactions between oviductal epithelial cells and spermatozoa play an important role in various sperm functions. There is some evidence from several species that the caudal isthmus of the oviduct serves as a reservoir for spermatozoa during the estrous period (Hunter and Wilmut, 1983; Smith et al., 1987) . Contact between spermatozoa and oviductal epithelial cells is considered to be beneficial for sperm survival and may also be necessary for sperm capacitation Yanagimachi, 1990, 1991) . In bovine, approximately 8 h may be required after insemination for sufficient spermatozoa to accumulate in the isthmic reservoir in order to ensure a high fertilization rate . Since the period from onset of estrus to completion of ovulation may be as long as 30 h in bovine, spermatozoa must retain their viability and fertilizing capacity for more than 22 h in the isthmus . Therefore, some mechanisms must exist which extend the life span of spermatozoa in the isthmus of the oviduct.
Technical advances in the cell culture of BOEC have made it possible to examine the interaction between spermatozoa and BOEC and the mechanisms involved in sperm storage in the bovine oviduct. Previous studies designed to evaluate interactions of spermatozoa and oviductal epithelial cells have relied mostly on indirect methods such as retrieval of spermatozoa by luminal flush (Hawk, 1987) or fixation and sectioning of oviduct post coitum (Hunter et al., 1987) . When bovine spermatozoa are co-cutured with BOEC monolayers, the spermatozoa attach to the BOEC within 1 h and the spermatozoa tend to attach in the intercellular troughs and amorphous mucus-like strands and granules are observed in the acrosomal region of many spermatozoa (Ellington et al., 1991) . Similar findings have been described by Suzuki and Foote (1995) and observed in our recent work ( Figure 5) . Pollard et al. (1991) have described the binding of bovine spermatozoa co-cultured with BOEC monolayers grown on an ECM. In this co-culture system, spermatozoa were bound to the rostral portion of the intact acrosome on the apical surface of polarized epithelial cells.
Various physiological changes in bovine spermatozoa have been induced in the presence of BOEC coculture. The effects of BOEC, derived from ampullar and isthmic segments of oviduct, on penetration of bovine spermatozoa through the oocyte and on sperm motility have been examined in a co-culture system in Figure 5 . Scanning electron micrograph of bovine spermatozoa in BOEC co-culture. Spermatozoa attach to BOEC (asterisk) in intercellular troughs and mucus-like strands are present in the acrosomal regions of some spermatozoa. Bar = 10 m.
vitro . Rates of sperm penetration through oocytes in a co-culture with BOEC from the ampullar segment were higher than that of spermatozoa in a co-culture with those from the isthmic segment. However, the motility of unattached spermatozoa in cultures of isthmic cells was higher than that in cultures of ampullar cells. These results suggest that sperm capacitation might be enhanced by attachment of spermaotozoa to the ampullar epithelial cells and that the isthmic epithelial cells are important for maintenance of sperm motility.
Similarly, Pollard et al. (1991) examined maintenance of motility and the fertilizing capacity of bovine spermatozoa that had been co-cultured with BOEC on either tissue culture plastic (nonpolarizing) or Matrigel-coated Millicell (polarizing) substrata. Sperm motility was maintained for 48 h in spermatozoa that bound to cells, but to a much greater extent with polarized cells (38.4%) than with nonpolarized cells (0.8%). Moreover, spermatozoa incubated with polarized BOEC showed hyperactive motility. Fertilizing capacity was well maintained in spermatozoa cultured with BOEC, but not in spermatozoa incubated in medium alone or with tracheal cells. This study suggests that BOEC may not only store spermatozoa but may also maintain sperm motility and fertilizing capacity in vivo.
A study by Ellington et al. (1991) demonstrated additional detailed changes of bovine spermatozoa in the BOEC co-culture system. Spermatozoa attached to BOEC monolayer within 1 h of co-culture and attached spermatozoa showed vigorous tail motion. Spermatozoa unattached to BOEC monolayer had more acrosomal membrane loss, showed hyperactive motion and had an overall decrease in motility as compared to spermatozoa in BOEC-conditioned medium or control medium. Electron microscopic observations showed intimate sperm head-BOEC contact with microvilli entrapment of the spermatozoa. This investigation proposed that bovine spermatozoa in BOEC co-culture system interacted with the BOEC in a manner similar to that seen in vivo and specific changes in sperm capacitation were stimulated by this interaction.
Secretory products from BOEC in culture
Several proteins and glycoproteins are known to be synthesized and secreted from oviductal epithelial cells of most mammalian species studied (for reviews, see Hunter, 1994; Gandolfi, 1995; Malette et al., 1995) . Some of the macromolecules have been characterized biochemically and immunocytochemically and attempts have been made to clarify their biological function. In bovine, several nonserum proteins or glycoproteins have been identified in the supernatants of oviducts in explant culture (Boice et al., 1990; Gerena and Killian, 1990) . The exact functional role of these oviductal secretions remains still unclear. However, results of a series of studies on cultured BOEC suggest possible functions for oviductal secretions.
It has been reported in sheep (Gutierrez et al., 1993) and bovine (Ijaz et al., 1994 ) that incubation of spermatozoa with conditioned media of oviductal epithelial cells, as well as co-culture with the oviductal epithelial cells, maintains their viability and motility for a long period of time. The results described by Gutierrez et al. (1993) also suggested that the two main characteristics of spermatozoa (namely, viability/motility and capacitation/acrosome reaction) might be independently regulated by oviductal epithelial cells. Intact epithelial cells can support both functions of spermatozoa but conditioned medium from oviductal epithelial cells seems to only support the survival and motility of spermatozoa. A partial biochemical characterization of bovine oviductal secretory product(s) indicated that heat-labile and nondialyzable (>8 kDa) factors may be involved in a prolongation of sperm motility (Ijaz et al., 1994) . Further study demonstrated that the secretion of the sperm motility factor(s) into the conditioned media of BOEC monolayers was modulated by many factors such as the oviductal region (ampulla and isthmus), the stage of the estrous cycle during which the BOEC were derived and the presence of steroid hormones in the culture media . Conditioned medium from BOEC isolated from the isthmic region could maintain sperm motility in vitro under the influence of E 2 , whereas conditioned medium from BOEC isolated from the ampullar region maintained sperm motility under the influence of P. This study suggests that maintenance of sperm motility by secretion(s) from BOEC is under hormonal control and the activity of sperm motility factor(s) is regulated under appropriate steroidal conditions. In addition, this finding suggests that there are regional differences in the hormonal responses of BOEC.
Similarly, Abe et al. (1995b) demonstrated that sperm viability and motility could be maintained by conditioned medium of ampullar-derived BOEC at the follicular phase of the estrous cycle, but the conditioned medium of bovine fetal artery endothelial cells had no significant effect on sperm viability and motility. Other studies demonstrated that bovine oviductspecific glycoprotein (BOGP) was secreted by oviductal epithelial cells of ampullar and fimbrial segments at the follicular phase of the estrous cycle (Abe et al., 1993) . It was also shown that purified BOGP (95 kDa) effectively improved the viability and motility of bovine spermatozoa cultured in vitro, indicating that BOGP might be a potent factor for the maintenance of sperm viability and motility (Abe et al., 1995a; Satoh et al., 1995) .
The isthmic segment of the oviduct is considered to be a primary site for sperm capacitation (Hunter and Nichol, 1988) . Parrish et al. (1988) and McNutt and Killian (1991) demonstrated that bovine oviductal fluid induced capacitation of spermatozoa and sustained their motility in vitro. Glycosaminoglycans have been suggested to be a capacitation factor in oviductal fluid at estrus (Parrish et al., 1989) . Anderson and Killian (1994) reported the effects of macromolecules from conditioned medium of bovine oviductal explants on the motility and capacitation of spermatozoa. Conditioned medium of explant culture from the isthmus at estrus caused capacitation of spermatozoa significantly more than that from the ampulla. This study suggests that secretory proteins, glycosaminoglycans and proteoglycans from the conditioned medium of oviduct may be possible capacitation factors for bovine spermatozoa. reported that BOEC monolayers secreted a capacitating factor into the culture medium and the stimulatory effect on sperm capacitation varied depending upon the stage of the estrous cycle when the BOEC were harvested. Furthermore, adding estradiol stimulated the BOEC monolayers to secrete the capacitating factor in vitro.
Other studies have demonstrated that droplets composed of neutral lipids are present in the epithelium of bovine oviduct (Henault and Killian, 1993a) . Explants of bovine oviducts could synthesize neutral and polar lipids and also release de novo synthesized cholesterol into the culture medium (Henault and Killian, 1993b) . It was postulated that lipids secreted by BOEC may be involved in fertilization and embryonic development by influencing membrane lipid contents or by providing a source of energy. In particular, it is possible that esterified cholesterol and phospholopids in the isthmus may play a role in facilitating the attachment of spermatozoa to BOEC or in the storage/survival of spermatozoa.
Endothelin is a well known vasoconstrictor substance derived from vascular endothelial cells. In the reproductive system, endometrial stromal and glandular epithelial cells of uterus produce endothelin (Economos et al., 1992) . Rosselli et al. (1994) reported the production of immunoreactive-endothelin by BOEC in serum-free culture in vitro. Significant amounts of endothelin were detected in the condi-tioned medium of BOEC after 48 h in culture, without any changes in the total protein content or the number of cells. Moreover, pretreatment of BOEC with calcium ionophore A23187 increased the production of endothelin. It was speculated that endothelin produced by BOEC could influence the transport of gametes and embryos either by acting on the muscle coat of the oviduct or by interacting with the gamete surface.
Certain growth factors may also be involved in the regulation of early development of bovine embryos. Larson et al. (1992b) demonstrated that TGF-1 and basic fibroblast growth factor (bFGF) act synergistically to promote the development of bovine embryos beyond the "8-cell block" which occurs in vitro. In addition, they examined the effects of platelet derived growth factor (PDGF), TGF-, and TGF-1 on the development of bovine embryos cultured in vitro during the transition from maternal to embryonic gene expression (Larson et al., 1992a) . This study suggests that PDGF promotes development of bovine embryos beyond the 16-cell stage, whereas TGF-and bFGF potentially affect the blastulation of 16-cell embryos during subsequent culture. Takagi et al. (1995) have recently shown that insulin and bFGF stimulate bovine embryonic development to the blastocyst stage when co-cultured with bovine granulosa cells in a serum-free medium. Watson et al. (1992) examined gene expression of several growth factors in BOEC monolayers by using reverse transcriptase-polymerase chain reaction methods. This study showed that mRNA transcripts for PDGF-A and bFGF are present in cultured BOEC in vitro. More recently, it has been demonstrated that the intact bovine oviduct synthesizes transcripts for PDGF-B and bFGF in the lamina epithelialis and lamina propria, respectively, whereas IGF-I mRNA is not detected (Viuff et al., 1995) . These findings provide evidence that BOEC might be important in supplying growth factors for embryonic development both in vivo and in vitro.
Conclusion
Recent advances in tissue culture techniques have allowed long-term cultivation of BOEC in vitro. Pure cultures of these cells can be isolated by enzymatic or mechanical methods. Serum and growth factors are essential for optimum cell attachment and proliferation of BOEC. Monolayers of BOEC cultured on ECM appear to maintain a histoarchitecture similar to intact oviductal epithelium and also maintain secretory activity in vitro.
Cultured BOEC are popularly used for in vitro coculture of bovine preimplantation embryos and spermatozoa. The use of BOEC co-culture systems has improved the in vitro development of embryos in nearly all the studies conducted. Thus, BOEC cultures are a useful tool for improving procedures for bovine embryo production in vitro. The advances in embryo production encompass a wide range of laboratory techniques, such as micromanupulation, gene insertion, cryopreservation and nuclear transfer.
Bovine spermatozoa co-cultured with BOEC appear to interact with epithelial cells in vitro, in a manner similar to that described for spermatozoa in vivo. Bovine spermatozoa co-cultured with BOEC showed specific changes in capacitation and maintained the motility and fertilizing capacity for a long period of time. The co-culture system using BOEC and spermatozoa offers excellent possibilities for studying the mechanisms of capacitation, acrosome reaction, and subsequent fertilization. This system provides also a unique in vitro model to investigate the biological significance of cell to cell interactions between gametes (eg. spermatozoa) and somatic cells (oviductal epithelial cells) in the reproductive tract.
Secretory products of BOEC may influence early embryonic development in addition to sperm functions. Since BOEC appear to secrete many functional substances, such as specific glycoproteins and growth factors, further advances in culture techniques for BOEC may enhance the investigation of the critical functions of secretory products from BOEC and their role in the reproductive events.
